Introduction
By virtue of their unique physical characteristics, Kuroshio warm-core rings (KWCRs) that detach from the Kuroshio Extension play an important role in regulating biological processes in the waters off Sanriku, northwestern North Pacific. Several oceanographic studies undertaken in the past have revealed the unique characteristics of the KWCR's (e.g. Kawai, 1972; Hata, 1974; Kitano, 1975; Saitoh et al., 1984; Kawai and Saitoh, 1986; Kawamura et al., 1986; Okada and Sugimori, 1986; Tomosada, 1986; Saitoh et al., 1986) . The hydrographic characteristics associated with the KWCR 86B and their seasonal variability were revealed by the studies carried out in 1980s (e.g. Yasuda et al., 1992; Tsuda and Nemoto, 1992; Terazaki, 1992; Sugimoto and Tameishi, 1992; . Recently, Inagake (1997) described the year-to-year variability of the Kuroshio warm-core ring migration using historical oceanographic data sets from 1981 to 1996.
There are only a few studies on chlorophyll a (hereafter Chl-a) distribution and primary productivity in the KWCRs (Yokouchi et al., 1993; Shiomoto et al., 1996) . Using a three-*Present address: Oceanography and Southern Ocean Resources Division, National Research Institute of Far Seas Fisheries, 5-7-1, Orido, Shimizu, Shizuoka 424-8633, Japan. **Present address: Faculty of Fisheries, Nagasaki University, 1-14, Bunkyo, Nagasaki 852-8521, Japan. dimensional ecosystem model, Yoshimori and Kishi (1994) and Kishi (1994) pointed out that the interaction of two WCRs induced a high phytoplankton biomass at the edge of the vortex. Yoshimori et al. (1995) also investigated the effects of vertical stability on the spring bloom of phytoplankton off Hokkaido using a one-dimensional ecosystem model. However, there are still some questions outstanding concerning the contribution of KWCRs to primary production off Sanriku. For example, there is no clear information about the spatial and temporal extent of the influence of the KWCRs. On account of dynamic nature of this region, it has been difficult to clarify these features using shipboard data alone.
The recent development of satellite ocean color remote sensing and its application to the observation of the temporal and spatial variability of the spring bloom over broad synoptic scales has provided us with a unique tool to study these features. In April 1997 we started the ADEOS Field Campaign off Sanriku to demonstrate the usefulness of ADEOS satellite data sets.
KWCR 93A became detached from the Kuroshio Extension in February 1993 (Inagake, 1997) and existed in the water off Sanriku, Japan between early April and late June, 1997. Synoptic ship and satellite observations were carried out around KWCR 93A and adjacent waters off Sanriku during this period. The description of the oceanographic conditions and their relation to the spring bloom around the Kuroshio/Oyashio mixed water region have been presented by Inagake and Saitoh (1998) . The objective of this study was to clarify the existence of the temporal and spatial variability of the spring bloom and understand its relationship with the changes in the hydrographic structure of these waters in and around KWCR 93A.
Intensive Ship and Satellite Observations

Intensive ship observation and data analysis
Synoptic and intensive ship observations were carried out by R/V Tansei-Maru during the period May 7 to 14, 1997. The other research cruises by T/S Oshoro-Maru and T/S Hokusei-Maru were carried out during the period April 1 to 10, 1997 and June 20 to July 3, 1997 , respectively (Faculty of Fisheries, Hokkaido University, 1998 . During the cruise of T/S Oshoro-Maru, a sediment trap array and volume current meter were also deployed at 40°N, 143°E on April 5, 1997 (Saino et al., 1998) . A list of data used in the present study is shown in Table  1 . Figure 1 shows ship observation stations used for the analysis of vertical cross-sections.
Salinity, temperature, and depth were measured on board the ships using a CTD profiler. Water samples for Chla and pheopigment determinations were collected using Niskin bottles attached to a rosette on the CTD. Sea water samples of 200 ml size were filtered through a Whatman GF/ F filter on board prior to Chl-a and phaeophytin estimation. Filtered samples were extracted into 10 ml of N,Ndimethylformamide, under cold and dark conditions, for later analysis. Chl-a and phaeophytin were determined by the fluorometric method (Parsons et al., 1984) using a Turner Designs Fluorometer.
Satellite observation and image analysis
Temporal and spatial distribution of Chl-a and sea surface temperature (hereafter SST) in the study area were analyzed using the ADEOS Ocean Color and Temperature Scanner (OCTS) (Saitoh, 1995a) and NOAA Advanced Very High Resolution Radiometer (AVHRR) (Saitoh, 1995b) data. AVHRR data were received at the Faculty of Fisheries, Hokkaido University and OCTS Level-2 and Level-3map of version 3 data were provided by the National Space Development Agency of Japan (NASDA). According to Shimada et al. (1998) , the accuracy on Chl-a of OCTS is 68 percent and the geometric accuracy of OCTS is around 1.3 km. Cloud-free images were selected from browse image data sets during the period from April to June 1997. NOAA-12 and NOAA-14 AVHRR data were collected from April to June, 1997. When cloud-free OCTS images were not available, we employed AVHRR thermal infrared images to interpret the locations and shapes of KWCR 93A.
For the AVHRR thermal infrared data, in-flight calibration was carried out first and then the calibrated data were processed to remove geometric distortions. A digitized coastline and geographical mark were superimposed on the geometrically corrected image.
OCTS Level-2 data were processed with the SeaDAS software package developed by NASA (http:// shark.gsfc.nasa.gov/). OCTS Level-3map data were transferred from HDF format to raster image format, then processed with the TeraScan software package developed by SeaSpace Inc (SeaSpace, 1995) . Statistical analysis of Chla concentration was carried out using TeraScan's box values calculation function. On April 3, 1997 ( Fig. 2a) , the northern edge of KWCR 93A was located at around 41°10′ N. The ring was circular in shape with a diameter of about 110 km (Fig. 3a) . Chl-a concentrations were less than 1.0 mg/m 3 in the ring (Fig. 5 ). On April 10 ( Fig. 2b ), the area with high Chl-a concentrations in excess of 10.0 mg/m 3 existed all around the ring and the Chl-a concentrations were still below 1.0 mg/m 3 in the ring (Fig. 6a) . SST in the ring was around 9°C and was relatively homogeneous in comparison with Chl-a (Fig. 6a) . The Oyashio cold tongue was intruding westward in the south of the ring (Fig. 3b ) and a relatively low Chl-a concentration is seen in the west edge of cold tongue (Fig.  2b) .
Results
Variation of the KWCR 93A and chlorophyll a distribution detected by OCTS and AVHRR
On April 14 ( Fig. 2c) , the Chl-a concentration in the ring was relatively low (less than 1.0 mg/m 3 ) and homogeneous. The ring remained circular in shape until this time. The surrounding waters of the ring had still high Chl-a concentration exceeding 2.0 mg/m 3 (Fig. 6b) . SST in the ring was still 9°C (Fig. 6b ). On April 26 (Fig. 2d) , a spiral pattern of Chl-a was clearly visible in the ring. At this time the ring was elliptical in shape and was accompanied with a warm streamer near the southwest edge of the ring (Fig. 3d ). Our definition of streamers is that proposed in (Evans et al., 1985): strong advective features delineated by sharp frontal boundaries where the along-feature dimension greatly exceeds the across-feature dimension. The Chl-a concentration in the ring was still low (<1.0 mg/m 3 ), however, and not homogeneous. The surrounding water of the ring still had a high Chl-a concentration of over 3.0-4.0 mg/m 3 (Fig. 6c) . SST in the ring was still 9°C and homogeneous (Fig. 6c) . On April 30 (Fig. 3e) , a cold streamer rapidly intruded in to the ring and the warm streamer also advanced along the outer edge of the cold streamer. We call this a "Double spiral structure".
On May 3 (Fig. 2e) , the maximum Chl-a concentration in the ring was over 2.0 mg/m 3 . This was the highest value throughout the period from April to June 1997 (Fig. 5) . On May 7 (Fig. 2f) , the Chl-a concentration in the ring was 1.0-2.0 mg/m 3 (Figs. 5 and 6d), but in the surrounding waters of the ring Chl-a concentration was still high, at over 5.0 mg/ m 3 (Fig. 6d ). On May 9 (Fig. 3g) , the warm streamer intruded and reached the eastern edge of the ring and the cold streamer turned back around 40°10′ N, 143°E. On May 12 (Fig. 3h) , the head of warm streamer advanced at the southwestern edge of the ring (40°10′ N, 144°E). The cold streamer intruded again and its tip was located around 41°30′ N, 144°30′ E. On May 23 (Fig. 3i) , there was no warm streamer in the ring, and the cold tongue was seen in the east and south of the ring. The ring retained its elliptical shape. On May 28 (Fig. 3j) , a thin cold streamer, a "cold filament", developed northward from the southern edge of cold tongue and the ring shape was deformed.
On June 6 (Figs. 2g and 3k) , the Chl-a concentration around the ring center reached its maximum of over 1.0 mg/ m 3 and SST in the ring was over 10°C (Fig. 6e) . The deformed ring shape and the cold filament were still retained (Fig. 3k) . A streaky pattern with a high Chl-a concentration of over 5.0 mg/m 3 appeared along the east and south edge of the ring (Fig. 2g) . On June 13 (Fig. 3l) , the ring shape did not change and the cold tongue was in the south of ring. On June 17 (Fig. 3m) , the ring extended in the west-east direction and a long cold filament was observed stretching from Cape Erimo to Cape Shimokita at the western edge and southwest of the ring. On June 18 (Figs. 2h and 3n) , Chl-a concentration in the ring was greater than 1.0 mg/m 3 , which is almost the same as the values in the surrounding waters (Fig. 6f) . SST in and around the ring was over 12°C and was homogeneous (Fig. 6f) . On June 22 (Fig. 3o) , the ring was completely elliptical in shape once again.
The positions and the shapes of Chl-a fronts of KWCR 93A during the study period are summarized in Fig. 4 . In April, the eastern Chl-a fronts of the ring were located around 145°E and the western Chl-a fronts were located around 143°E. In May, the eastern Chl-a fronts expanded eastward and southward. In June, the eastern Chl-a fronts reached 146°E. The northern Chl-a fronts, however, were stable around 41°30′ N throughout the period. 
Vertical structure and spring bloom in the KWCR 93A and adjacent waters
Temperature, salinity, and Chl-a cross-section (line OS in Fig. 1 ) along 143°50′ E longitude from April 3-4, 1997 (Fig. 7) show the structure of typical wintered warm-core rings. The core temperature and salinity of the ring were 8.4°C and 34.1 psu, respectively (Fig. 7) . Homogeneous water had been formed in the upper layer with a depth of about 300 m by winter convection. Chl-a concentration was less than 1.0 mg/m 3 at the center of the ring (Sta. 72). Sta. 70 was located at the frontal zone between Oyashio water and the ring. The Oyashio water with lower salinity and low temperature was found at Sta. 68 (42°N, 143°50′ E) where Chl-a concentrations were over 10.0 mg/m 3 at a depth of 40 m and over 18.0 mg/m 3 at the surface. It is clear that the spring bloom was well developed in the Oyashio water during this period. The temperature and salinity crosssection (line HK in Fig. 1) for April 20 to April 21, 1997 along 40°30′ N latitude (Fig. 8) show that the homogeneous structure still persisted in the KWCR 93A until this period. The temperature, salinity, and Chl-a cross-section (line KO in Fig. 1 ) along 41°30′ N latitude from April 29 to May 1, 1997 (Fig. 9) traversed the northern edge of the ring. They reveal the structure with the ring core temperature and salinity, which are 8.0°C and 34.0 psu, respectively. Chl-a concentration in the Oyashio water was over 8.0 mg/m 3 at Sta. KO-7765 indicating that the spring bloom was still active in the surrounding water of the ring. Figure 10 shows temperature, Chl-a and NO 3 + NO 2 cross-section along line KT (shown in Fig. 1 ) observed from 10 to 11 May 1997. These sections indicate the detailed structure of warm streamer, cold streamer and ring. A double spiral structure, as mentioned in Subsection 3.1, was clearly observed in this cross-section. The stratification structure with a temperature of about 9°C appeared in the sub-surface layer in the ring . Above 30 m, Chla concentration was over 1.0 mg/m 3 and was less than 1.0 mg/m 3 at 40 m depth in the ring (Fig. 10b) . In the cold streamer, Chl-a concentrations were high but peaked (over 9.0 mg/m 3 ) at a depth of 20 m at Sta. 13 (Fig. 10b) . A cold temperature core (less than 2°C) appeared at depths from 50 m to 120 m between Sta. 13 and Sta. 15 (Fig. 10a) . Nutrients (NO 3 + NO 2 ) concentrations were over 20 µmol in the cold temperature core (Fig. 10c) . Nutrients (over 8 µmol above 50 m) were not depleted for primary production around the center of the ring (Fig. 10c) .
Late in May, observations along line HK from May 30 to May 31 1997 show that the stratification structure due to a temperature rise of 9-10°C developed further in the upper 40 m of the sub-surface layer. The core temperature and salinity were stable at 8.0°C and 34.0 psu, respectively.
Late in June, a strongly stratified layer had developed in and around KWCR 93A in the upper 50 m (Fig. 11: line HO in Fig. 1) . SST was over 13°C towards the eastern edge of the ring. Surface Chl-a concentrations were less than 0.4 mg/m 3 along the line HO, suggest that the spring bloom had already decreased in and around KWCR 93A.
(I) + : with intrusion, (S) + : exit surrounding of the ring. *Value is estimated by equation of Saino et al. (1998) . 
Discussion
The use of ocean color remote sensing for studying biological processes of warm-core rings was started in the Gulf Stream region of the North Atlantic in the late 1970s using data from the Coastal Zone Color Scanner (CZCS) (e.g. Gordon et al., 1982) . Gordon et al. (1982) suggested that ocean color remote sensing could be a valuable tool to complement the suite of available techniques for studying warm-core rings in the Gulf Stream. Yentsch and Phinney (1985) pointed out two mechanisms for the regulation of primary production in warm-core rings. The first mechanism involved the spring bloom occurring earlier in the highvelocity region and the slope waters than in the ring center. The second mechanism suggested that phytoplankton populations in the ring center depend on seasonal changes of the mixed layer depth due to convection and stabilization for growth.
In this study we observed the time series of Chl-a and SST in and around KWCR 93A off Sanriku through the period of the ADEOS Field Campaign using OCTS and AVHRR data sets. The temporal change of features of KWCR 93A is summarized in Table 2 . For three months from April to June 1997, KWCR 93A changed dramatically in size and shape (Figs. 2, 3, 4) . The Chl-a concentration in the ring was less than 1 mg/m 3 during April (Figs. 2a, 2b , 2c, and 2d) and became higher than 1 mg/m 3 from early May (Figs. 2e and 5) . The maximum value of over 2 mg/m 3 was observed in the ring on May 3 (Fig. 2e) . The stratification structure in the ring was observed from the middle of May and SST became over 9°C (Fig. 10) . Surface NO 3 was sufficient for primary production in the ring throughout the study period (Table 2) .
OCTS Chl-a images show that the spring bloom in the western region (coastal region off Sanriku) and southern region of the ring continued to develop from early April to mid-April; especially Chl-a values were high in the water around the ring. This phenomenon might be associated with nutrient enrichment in the surface layer due to upwelling in the high-velocity region in and around the ring (Yentsch and Phinney, 1985) . The spring bloom in the eastern and northern regions of the ring continued from late April to early May. Kasai et al. (1997) discussed the variability in the timing and magnitude of the spring bloom in the Oyashio region and pointed out the importance of vertical stability of the water column in the initiation of spring blooms in the Oyashio and the coastal water masses off Hokkaido. It is suggested that the formation of the spring bloom in the eastern and northern regions of the ring is related to the onset of vertical stratification. The spring bloom in the ring occurred in early May and the relatively high Chl-a concentration (over 1.0 mg/m 3 ) continued from early May to mid-June. This might be due to the vertical stratification and stability of the water column in the ring which created ideal conditions for phytoplankton photosynthesis and growth. The appearance of double spiral structures of warm and cold streamers from late April to mid-May (Figs. 3e, 3g, 3h ) may be an important event in understanding of the spring bloom in and around the ring. A schematic representation of double spiral structures is shown in Fig. 12 . The thickness of the warm streamer, the cold streamer and the ring is 100 m, 200 m and 500 m, respectively. In the cold streamer, a core of high Chl-a concentration (>9 mg/ m 3 ) appeared at a depth of 20 m and a cold temperature core (<2°C) appeared at depths from 50 m to 120 m (Figs. 10 and 12 ). In this episodic event, the warm streamer can maintain the available potential energy of the ring and the strength of upwelling around the ring. The cold streamer provided water containing a high Chl-a concentration water (Fig. 10b) to the surface layer (above 50 m) of the ring (Fig. 10c) . The cold streamer consists of the less saline and low temperature Oyashio water. The seasonal stratification process advanced in the ring while this event proceeded. As shown in Fig. 5 , we observed that the ring retained a Chl-a concentration of over 1.0 mg/m 3 for about two months from early in May to midJune. The intrusion of the cold streamer into the ring during late April to mid-May may play an important rule in controlling phytoplankton growth and bloom formation.
In the middle of June, Chl-a concentrations in the ring and the surrounding waters were of almost the same value around 1.0 mg/m 3 (Figs. 2h and 6f) . Late in June, surface Chl-a concentrations decreased to less than 0.4 mg/m 3 along the line HO, suggesting that the spring bloom had already declined in and around KWCR 93A.
Is the warm core ring productive or not? Tranter et al. (1980) posed this question while studying the warm-core ring in the East Australian Current System. They suggested that the summer warm cap formation led to an increase in phytoplankton concentration in the ring from September to November in the austral spring of the Southern Hemisphere. In their study, changes in the depth of mixing generated the summer warm cap. In this study, we observed a similar pattern in the images on June 18 (Figs. 2h, 3n, 6f) . The relationship between a warm cap in the central area of the ring and phytoplankton concentration should be studied in the future.
Concluding Remarks
In this study, the time series analysis of OCTS images has clearly demonstrated the usefulness of satellite ocean color remote sensing for monitoring the temporal and spatial variability of chlorophyll a distribution in the KWCR 93A and surrounding waters during the spring bloom period.
The OCTS Chl-a images show that the spring bloom in the western region (coastal region off Sanriku) and southern region of the ring continued to develop from early in April to mid-April; Chl-a values were especially high in the water around the ring. The Chl-a concentration in the ring was less than 1 mg/m 3 during April and became higher than 1 mg/m 3 from early May. The formation of the spring bloom in the eastern and northern regions of the ring may be related to the onset of vertical stratification. The spring bloom in the ring occurred in early May and the relatively high Chl-a concentrations (over 1.0 mg/m 3 ) were observed from early May to mid-June. In the middle of June, the Chl-a concentrations in the ring and the surrounding waters had almost the same values. Late in June, the surface Chl-a concentration of less than 0.4 mg/m 3 suggests that the spring bloom had already declined in and around KWCR 93A. Double spiral structures of warm and cold streamers appeared from late in April to mid-May, which may play an important rule in the occurrence of the spring bloom in and around the ring. We captured this phenomenon by ship and satellite observations. In this episodic event, a warm streamer can maintain the available potential energy of the ring and the strength of upwelling around the ring. The cold streamer provided water having a high Chl-a concentration to the surface layer of the ring. We plan to utilize the ocean color data from the new series sensors, SeaWiFS (Sea-viewing Wide Field-of-view Sensor) on SeaStar (Hooker and Esaias, 1993) which was successfully launched on August 1, 1997. Time series data sets have been archived at several local receiving stations in Japan since the middle of September 1997. The data will definitely provide an improved understanding of the temporal and spatial variability of biological-physical coupled process by providing more accurate phytoplankton pigment concentration estimates with more frequent temporal coverage of 1.5 times in comparison with one of OCTS.
